Abstract: Finite strain technique was applied for Abt schist, sheared granitoids and volcanosedimentary rocks exposed at Al Amar area, eastern Arabian Shield, in an attempt to decipher the relationship of these lithologies to nappe contacts and to clarify the nature of subhorizontal foliation pervasively recorded in the area. The R f /φ and Fry methods were utilized on quartz and feldspar porphyroclasts, as well as on mafic crystals, such as hornblende and biotite, in eighteen samples. The X/Z axial ratios ranged from 1.12 to 4.99 for R f /φ method and from 1.65 to 4.00 for Fry method. The direction of finite strain for the long axes displayed clustering along the WNW trend (occasionally N) with slight plunging. The Z axes were subvertical and associated with a subhorizontal foliation. The data revealed oblate strain symmetry (flattening) and the strain magnitudes showed no considerable increase towards the tectonic contacts. The obtained finite-strain data demonstrated that the sheared granitoids are mildly to moderately deformed. It is suggested that the accumulation of finite strain was not associated with any significant volume change. The penetrative subhorizontal foliation was concurrent with thrusting and showed nearly the same attitudes of tectonic contacts with the overlying nappes. Field relations and observations, together with finite stain data, are inconsistent with the proposed idea that nappes in orogens resulted from simple-shear deformation.
INTRODUCTION
The Arabian-Nubian Shield (ANS) includes Middle Cryogenian-Ediacaran (790-560 Ma) sedimentary and volcanic terrestrial and shallow-marine successions unconformable on juvenile Cryogenian crust [1] . ANS comprises the basement outcrops that are exposed on northeastern Africa (Nubian Shield) and western Arabia (Arabian Shield) because of the uplifting concurrent with Red Sea rifting since the Oligocene and younger ages [2] . [3] believed that the shield constitutes one of the largest best exposed tracts of juvenile Precambrian continental crust on the Earth and its history is intimately linked with a Neoproterozoic "Supercontinental Cycle" [4] . This cycle began with the rifting, break-up and fragmentation of Rodinian Supercontinent in the early Cryogenian [5] , continued with the opening and closing of one or two oceanic basins [6, 7] , and ended with the convergence of fragments of East and West Gondwana and the formation of the new supercontinent of "Greater Gondwana" [6] or "Pannotia" [8] . [6] introduced the term "East African *Address correspondence to this author at the SGSRC, Department of Geology, Faculty of Science, King Saud University, P.O. Box 2455, Riyadh 11451, Saudi Arabia; Tel: +966-14676351; Fax: +966-14670729; E-mail: kassemo1@yahoo.com Orogen" (EAO) to include deformed and metamorphosed rocks of the ANS in the north and higher grade and more strongly deformed rocks of East Africa and Madagascar in the south (Mozambique Belt, MB); the EAO was over 6000 km long in Gondwana [9] . These differ significantly in geodynamic setting with island arc accretion and major wrench tectonics in the ANS [6] and continental collision tectonics in the MB [10] [11] [12] [13] [14] . The "East African-Antarctic Orogen" (EAAO), proposed by [15] to represent the southern continuation of the EAO through Mozambique into Antarctica, was challenged by results obtained by [7] . The EAO is regarded as an extensive Neoproterozoic accretionary orogen and collisional zone within Gondwana [6, 16, 17, 18] . Based on the obtained geochronologic age (652 ± 10 Ma) for zircons in garnet-bearing pyroxene granulite in Tanzania [19] , it was realized that high-grade metamorphism in East Africa was a Neoproterozoic, not an older event, despite the Mesoproterozoic to Archaean protolith ages of some of the rocks caught up in the orogen [20] . [21] extended the MB northward into the ANS and [22] described ANS-type ophiolite-decorated north-trending shear zones extending south into central Kenya, confirming that the MB and the ANS are correlatives.
The determination of finite strain is one of the principal goals of structural geology. The magnitude and orientation of the finite strain ellipsoid are critical for constraining, for example, fold and fault mechanisms, displacement across ductile shear zones. Most strain measurement techniques (Rf/φ, center-to-center, Fry, etc.) return finite strain ratios which are useful for many applications [23] [24] [25] [26] [27] [28] [29] . However, there are some applications for which absolute finite strains are required. Measurement of absolute finite strains requires objects of known pre-deformation size whereas strain ratios may be determined if rocks contain objects of known shape or distribution. In this regard, the use of deformed rocks has been under-utilized as a strain measurement technique. In this paper, Al Amar area (Fig. 1) was studied as a contribution to the understanding of its structure and kinematic evolution. The study was achieved through field work and the interpretation of finite strain data. The main objective of the present work is to shed much light on the kinematic history Al Amar Suture juxtaposing Ad Dawadimi and Ar Rayn terranes (Fig. 1) in the extreme far east of the Arabian Shield. We applied finite strain technique on the deformed lithologies exposed in the area bounded by the latitude of Umm Ash Shalahib in the south and the latitude of Khnaiguiyah in the north in the extreme far east of the Arabian Shield. The study was achieved through field work, microstructural investigation and interpretation of finite strain data. Fig. (1) . Middle Cryogenian-Ediacaran sedimentary and volcanic assemblages in the ANS [20] . Ad Dawadimi and Ar Rayn terranes represent the Far East exposures of the ANS.
GENERAL GEOLOGY
Three main lithologies are exposed in the area (Fig. 2) including Abt Formation, Al Amar Group and intrusive rocks. The Abt Formation is a low grade greenschist facies immature thick sedimentary unit, with N-S strike, W-dipping foliation fabric and westward facing (younging direction). Unmappable marble bands are encountered within Abt Formation. Also, tight and intrafolial folds with N-S axial planes are observed highlighting the effect of, at least, two phases of deformation; the foliation is related to the older D 1 and the folds formed during the subsequent D 2 phase. Petrographically, this formation comprises muscovitebiotite-quartz-feldspar schist, and feldspathic and volcanic metagraywackes. It covers vast domain in Ad Dawadimi terrane which contains also voluminous granites (syenogranite and alkali-feldspar granites) and layered gabbro, together with ophiolite mélange zones with forearc affinity. The combination of the immature sediments with forearc lithologies led [9] to conclude that Ad Dawadimi terrane has many similarities with more modern accretionary environments such as the Franciscan Formation of the western United States [30, 31] . Al Amar Group represents one of the main lithologies cropping out at Ar Rayn terrane.
It embraces continental-margin volcanic arc including westward dipping volcanosedimentary sequence (intermediate to silicic in composition) and related volcaniclastics. Throughout the whole Ar Rayn terrane, Amar Group is subdivided into about seven N-trending elongated belts because of the effect of tectonism and magmatism. It is intruded by syn-and post-tectonic intrusive rocks (667-580 Ma) encompassing gabbros and remarkably sheared granitoids (granite, granodiorite, tonalite and trondhjemite). Andesitic and rhyolitic flows, paragneisses and limestone are recognized in this group. Discrete contact metamorphism is detected near the contact of the volcanosedimentary sequence against the intrusives, particularly granitoids. Numerous NE-SW-trending listric normal faults are encountered in the study area and further north and south. The faults are too small to be mapped and dissect the area into tilted blocks.
AL AMAR SUTURE ZONE
The mapped area (Fig. 1) lies along the contact between Ad Dawadimi and Ar Rayn terranes which are believed to be the youngest terranes in the ANS among all, as will be dealt with later. Both Ad Dawadimi and Ar Rayn terranes are in Fig. (2) . Geological sketch map of Al Amar area and sample locations (modified after [32] ). direct juxtaposition along Al Amar Fault Zone which is known in previous literature as Al Amar-Idsas Fault Zone. Al Amar Fault is a westward steeply dipping N-trending shear zone extending over ≈200 km long, with 0.5-4 km average width. Because of the presence of relatively smallsized lensoidal blocks and fragments of ophiolites and carbonate-altered ultramafic rock (listwaenite and fuchsitetalc schist), this structure is considered by [33] , and [34] as a suture zone; namely Al Amar Suture Zone. It is worthy to mention here that ophiolitic components are not encountered in the mapped area.
Elongated marble outcrops with discrete mineralized quartz veins (pyrite, calcite, fluorite and copper mineralizations) can be seen together along the suture zone [32] . The timing of suturing, trajectory of convergence and sense of shear along Al Amar Suture Zone are debatable. [20] pointed out the unknown sense of convergence and suggested a dextral horizontal slip based on the S-C shear fabrics that are restrictedly observed in few outcrops. They proposed 620 Ma and 616 Ma as ages of deformationmetamorphism and uplifting, respectively, for both Abt Formation and Al Amar Group depending upon the 607-565 Ma emplacement age for post-tectonic granites that intrude both Ad Dawadimi and Ar Rayn terranes. Within the frame of these previously mentioned ages, [20] inferred a suturing age of 620-605 Ma and considered Al Amar Fault as the youngest suture in the ANS, largely simultaneously with the Keraf Suture in the Nubian Shield, and also contemporary with the youngest shearing on the Najd Fault System. In the present study, shear sense indicators and other conclusive field evidence supporting the proposed dextral horizontal slip along Al Amar Fault are not encountered at the outcropscale. At the microscopic-scale, shear fabrics recorded in the investigated oriented thin sections (Fig. 3) indicate both dextral and sinistral movements, and make it difficult to deduct the overall sense of movement precisely along this conspicuous structural element in the far eastern side of the ANS. 
TECHNIQUES AND SAMPLING
To quantify the finite strain for the Abt schist, sheared granitoids and volcanosedimentary rocks exposed in the mapped area, feldspar and quartz crystals and porphyroclasts, as well as mafic crystals (e.g. hornblende and biotite) have been analyzed by the R f /φ and Fry techniques [35] [36] [37] . Our strain data measurements are carried out using THETA and FRY programs (described by [38] ) for R f /φ and fry methods, respectively. Furthermore, we used RJH Strain Calculator 3.1 program to calculate and plot strain data using a variety of input parameters, simulated simple shear, pure shear, and general shear, and show all related parameters (http:\\www.earth.uq.edu.au\~rodh\soft ware). For R f /φ analysis on feldspars, the long and short axes of up to 40 grains per section were measured and the mean aspect ratio for each section was calculated. [39] showed that the deformation and shape of the feldspars depend on metamorphic conditions. At very low metamorphic grade, feldspars deform mainly by brittle fracturing and cataclastic flow. Tectonic strains were determined from the chi-squared minima of the R f /φ analyses [38] . For Fry analysis, the central points of more than 100 feldspar cyrstals per section were used to calculate strain. The strain estimates were used to calculate the finite-strain ellipsoid according to the modified least-square technique of [40] . A total of eighteen samples were collected for the purpose of finite strain analyses during the field work (Fig. 2) , eleven samples from Abt Schist, two samples from granodiorite, two samples from granite and three samples from the volcanosedimentary rocks. The Fry method was applied for all samples to compare with the R f /φ results. The feldspar, quartz and mafic crystals were marked and scanned, and the traced outlines were then digitized. A least squares best-fit ellipse was calculated for each marker outline, as well as its relative position and orientation.
RESULT OF FINITE-STRAIN ANALYSIS

Direction of Finite Strain
In order to determine the direction of finite strain, the three principal strain axes X, Y, and Z (X ≥Y ≥ Z) should be determined. For this purpose, rock samples are cut parallel to the foliation which represents the plane of flattening (XY) and oriented perpendicular to Z. The maximum extension direction X is normal to the foliation and parallel to lineation (XZ). The intermediate strain direction Y is defined by its orthogonality with X and Z, where it lies normal to foliation and lineation (YZ). The strain data confirm that the trends of the long axes of the finite strain ellipsoid (maximum extension direction, X axes) plunge gently to moderately towards the WNW-ESE (Fig. 4) . In particular, the mean value for the long axes for all investigated samples displays WNW-ESE trend with a plunge of about 45° (see Fig. 4 and Table 1 ). In addition, intermediate direction (Y axes) exhibits ENE to WSW direction and a moderate angle of plunge (Fig. 4) . The mean for all lithologies has ENE to WSW trend, and 29° plunge, in addition to a subvertical attitude with respect to the X direction (Fig. 4) . The maximum shortening direction (Z) plunges steeply towards the SES -NWN (Fig. 4) , perpendicular to the subhorizontal foliation. Contouring of all collected data for Z axes reveals a maximum 174°/55°.
Strain Symmetry
The strain data are summarized in Tables 1 and 2 and shown in Flinn diagram (Fig. 5) which shows the relative shapes of the strain ellipsoids, i.e. prolate vs oblate. According to [41] , this classification is called strain symmetry. To infer strain type, i.e. constrictional vs flattening, information on volume strain is needed. However, minor or no volume changes are expected in high grade rocks in which porosities during deformation were probably very small especially for the basement rocks [23] . Fig. (6a,  b) display the R f /φ and Fry strains respectively, and indicate that Fry strains are not fundamentally different from R f /φ strains; the R f /φ strains are slightly smaller than the Fry strains. Therefore, the studied samples show that there was no significant difference in the deformation behavior between the quartz-mica matrix, the feldspar porphyroclasts and amphibole crystals during the accumulation of finite strain. Furthermore, finite strain of the different samples is of the same order of magnitude. The main phase foliation does not show any differences between the Abt schist, sheared granitoids and volcanosedimentary rocks, which also attest similarity in deformation behavior in the different rock types. The R f /φ strains derived from analyzing quartz and feldspar porphyroclasts and some mafic grains (hornblende and mica) are summarized in Table 2 .
Finite Stretches
The strain ellipsoids have oblate strain symmetry (Fig.  5a, b) . The axial ratios in the XZ sections range from 1.70 to 4.80 for the R f /φ method, and from 1.20 to 4.50 for the Fry method ( Table 2 ). In addition, the S X averages range from 1.21 to 1.95 for the R f /φ method, and from 1.09 to 1.93 for the Fry method. The S Y ranges from 0.93 to 1.26 for the R f /φ method, and from 0.93 to 1.26 for the Fry method, showing contraction and extension in this direction. The stretches in the Z direction (S Z ) range from 0.41 to 0.73, indicating vertical shortening of 27% to 59% for the R f /φ method. Furthermore, the Fry strain data show that S Z varies from 0.25 to 0.91, revealing vertical shortening of 9% to 75% ( Table 2 ). The strain data illustrate no significant difference in the deformation behavior between the R f /φ and the Fry methods; Fry strain data support the results for R f /φ strain data. The data demonstrate also the same order of deformation in the various lithologies as detected in the field. The strain symmetry as expressed by the K value [37, 42] shows a moderate value ranging from 0.05 to 0.77 (Fig. 5) . Accordingly, the strain symmetry is characterized by low to moderate oblate strain symmetries. The strain magnitudes of the investigated samples in Al Amar area have averages ranging from 0.397 to 1.145, which indicate a very heterogeneous deformation ( Table 2 ). The strain ellipsoids have oblate strain symmetry (Fig. 5) . The strain symmetry shows a relationship between the tectonic contacts and deformation in the various lithologies in the study area. Additionally, the calculated K values from R f /φ method for the Abt Schist and the volcanosedimentary samples are less than 1, referring to an oblate strain (Fig. 5) . The K values decrease and show strong oblate strain symmetries toward the outer sides of the tectonic contacts between Abt Schist, sheared granitoids and volcanosedimentary rocks. The data show no obvious relationship between the strain magnitude and the tectonic contacts in the area ( Table 2 ).
DISCUSSION
The Youngest Suturing Event in the ANS
The evolution and tectonic setting of the ANS have attracted the attention of workers since the beginning of seventh decade of the last century, or probably older. At that time, the ANS was interpreted in terms of a single and complete Wilson Cycle, where a continental block rifted and fragmented into small blocks, drifted apart and new ocean basins being created, followed by a closing convergence phase [6, 2, 43] . In the mid-1980s, a new principal school of thought emerged where the ANS was regarded to comprise a collage of Neoproterozoic tectonic (or teconostratigraphic) terranes, separated by eye-catching structural elements, including major fault zones, high strain zones and original suture zones (ophiolite-decorated shear zones), as well as cryptic suture zones [6, 2, 43] . Within this framework, the ANS (and the entire EAO) was considered to be evolved by rifting of Rodinia (Rodinian) Supercontinent and creation of a Pacific-Sized Mozambique Ocean, closure of the resulting ocean, arc assembly or accretionary, orogeny, extension and orogenic collapse [2, 6, 9, 43, 44] . In spite of the general agreement about the ANS terrane concept by most researchers, distinctive geology, petrological, geochemical and deformational characteristics of the proposed terranes are matters of dimensions and still controversial. Besides terrane boundaries, whether some mega shears and high strain zones represent original sutures or not, kinematic evolution, and timing of suturing are also debatable and enigmatic subjects. As previously mentioned in an earlier section, the youngest terranes in the ANS are believed to be Ad Dawadimi and Ar Rayn terranes in the far east of the Arabian Shield. Lithologically, Ad Dawadimi terrane includes immature sediments of Abt Formation (Abt Schist), syenogranite and alkali-feldspar granite, together with small outcrops of fresh younger gabbros (with remarkable layering) and minor lenses of ophiolitic metaultramafics [45, 46] ; the ophiolitic mélange shows forearc affinity [7] . Ar Rayn terrane embraces arc volcanics and related volcaniclastics, in addition to voluminous calk-alkaline plutonic rocks and minor sedimentary outcrops belonging to Al Amar Group [47] . The unique geographic situation of Ad Dawadimi terrane led some authors [48] to affiliate it to an outboard micro-continent encompassing also Ar Rayn terrane, and others [49, 50] , and the timing of suturing is inferred to occur between ∼620-605 Ma, making the suture to represent the youngest one in the ANS [20] . These authors (op.cit.) supposed that both terranes are important because: "(1) they are the youngest terranes in the ANS, with upper Cryogenian to Ediacaran protoliths; (2) they provide evidence for subduction in the Ediacaran, well after other terranes had already amalgamated; (3) their mutual juxtaposition represents the youngest suturing event in the ANS; and (4) their juxtaposition with terranes to the west reflects the final closure of the Mozambique Ocean and the convergence of Neoproterozoic India with the African continents". Moreover, [9] came to the conclusion that Ad Dawadimi Terrane is an Ediacaran basin representing the youngest accretion event of the exposed ANS, and therefore the timing of events within the basin is key to understanding both the closure of the Mozambique Ocean and the amalgamation of Gondwana along the northern EAO.
Kinematic Evolution of Al Amar Suture
Major shear zones and sutures in the ANS have caught much more attention since the last decade in terms of kinematic evolution and deformation history. A growing number of structural papers have described in details the shear sense indicators [51, 52] and others applied finite strain-and kinematic vorticity-techniques for porphyroclasts in mylonitized rocks transected by shearing [25] [26] [27] [28] [29] . Given the importance of Al Amar Suture as the youngest terrane boundary in the whole ANS and its significance in unraveling the closure of the Mozambique Ocean and the final assembly of Gondwana, we selected an area along the contact between Ad Dawadimi and Ar Rayn terranes. This area is bounded by the latitude of Umm Ash Shalahib in the south and the latitude of Khnaiguiyah in the north, and could be easily accessible through Ar Riyadh-Jeddah asphaltic road. It is studied in some structural details in terms of field structural mapping, lithologic discrimination and deformational history, with special emphasis to the kinematic evolution. The exposed lithologies in the mapped area are shown in Fig. (2) . The mean for all examined samples shows ENE to WSW trend and 29° plunge, in addition to a subvertical attitude with respect to the X direction. The Z-axes plunge steeply towards NWN-SES, normal to the subhorizontal foliation. Although, the R f /φ strains are slightly smaller than the Fry strains, the strain data show no significant differences in the deformation behavior between R f /φ and Fry methods; similarity in order of deformation in the studied lithologies is well observed in the field. These strains show similarity in deformation behavior between quartz-mica matrix, feldspar porphyroclasts and mafic crystals in the investigated samples during the accumulation of finite strain which was not associated with any significant volume change and this consequently indicate that finite strain in the different rock varieties has the same order of magnitude. The penetrative S-surfaces (foliation planes), particularly in Abt Schist, have nearly the same attitudes of tectonic contacts with the overlying nappes and are believed to be contemporaneous with thrusting in the study area. The obtained finite strain data conflict the suggestion that nappes in orogens resulted from simple-shear deformation.
CONCLUSIONS
Based on finite stain data from the high-angle N-directed Al Amar Suture, the youngest accretion event in the entire ANS, we came to the following concluding remarks:-• The strain ellipsoids have oblate strain symmetry.
•
There is no significant difference in the deformation behavior between R f /φ and Fry methods in the investigated lithologies.
• Accumulation of finite strain in the area was not accompanied by significant volume change.
The finite strain in various lithologies has the same order of magnitude.
The obtained finite strain data conflict the suggestion that nappes in orogens resulted from simple-shear deformation.
